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ABSTRACT 
The effects of temporary glutaminc deficiency on the protein and nucleic acid metabolism 
of Chang's liver cells in suspension cultures have been studied. It was observed that cells 
maintaincd in a  glutamine-free medium showed  a  reduced incorporation of labeled pre- 
cursors into protein and RNA. At the same time, the activity of the ribosomes and the pro- 
portion of polyribosomal aggregates in cell extracts diminished. These effects were reversed 
when the glutamine content of the medium was rcstored. The rcstorafion of a normal rate 
of amino acid incorporation by intact cells as well as by cell-free systcms was time depend- 
cnt, and took place within a fcw hours after glutaminc addition without preceding increase 
in the prevailing low ratc of RNA synthesis.  The addition of actinomycin D at concentra- 
tions that strongly inhibited the RNA metabolism of the cells did not prevent the increase 
in protein synthesis  or thc reappcarancc of polyribosomal aggrcgatcs.  Thcse facts  suggest 
that the restoration of protein synthcsis in the cells after glutamine starvation was not dc- 
pendcnt on a  production of new mcssengcr RNA.  The expcrimental data are consistent 
with the hypothesis that previously synthesized messenger RIGA, preserved in the cells in a 
stable form,  was  brought into action in rcsponsc to  the  reestablishment of an adequate 
ccllular environment. 
INTRODUCTION 
In the last few years it has been repeatedly demon- 
strated  that  specific  changes in the  environment 
of animal cells may produce rapid and reversible 
alterations at  the  level of  the  ribosomes.  These 
alterations involve the sedimentation  pattern of the 
isolated  particles,  as  well  as  their  ability to  in- 
corporate  labeled  amino  acids  into  protein  (3, 
8-10,  14,  15,  19, 21).  Factors interfering with the 
energy production of the cells have given particu- 
larly clear-cut results in this direction (8,  9,  14, 
15,  21).  Recent experiments with whole animals, 
refed  after  amino  acid  starvation,  suggest  that 
amino  acid  deficiency  may  evoke  similar,  re- 
versible eftects on the ribosomes (5). 
The  aim  of  the  present  investigation was  to 
find out whether  the  omission of single essential 
amino acids from the medium of a  cell  culture 
would  reversibly affect  the  protein  and  nucleic 
acid metabolism of the cells and the activity and 
state  of  aggregation  of  the  isolated  ribosomes. 
Although glutamine is utilized by  tissue  culture 
cells as a  precursor not only of proteins (11)  but 
also  of  purine  and  pyrimidine nucleotides  (18), 
this amino acid was  chosen in the  first  series  of 
experiments,  since  other  effects  of  glutamine 
starvation  had  previously  been  studied  in  this 
laboratory (20, also data in preparation by E.  E. 
Eliasson).  A  few  hours  of  glutamine  starvation 
287 markedly  reduced  the  incorporation  of  labeled 
precursors into the protein and RNA of the cells. 
At the same time, the proportion of polyribosomes 
in  cell  extracts  diminished.  These  effects  were 
reversed  when  the  glutamine  content  of  the 
medium was restored. 
A  question of particular interest in experiments 
of  this  kind  concerns the  fate  of  the  messenger 
RNA  from  the  temporarily  degraded  polyribo- 
somes. It was found that the restoration of active 
polyribosomes took place within a  few hours after 
glutamine  addition,  and  without  preceding  in- 
crease in  the prevailing low rate of RNA synthe- 
sis.  The  addition  of  actinomycin  D  (6,  17)  at 
concentrations  that  strongly  inhibited  the  re- 
maining  RNA  metabolism  of  the  cells  did  not 
prevent the  increase in  the  activity  of  the  ribo- 
somes or  the  reappearance  of polyribosomal ag- 
gregates. 
MATERIALS  AND  METHODS 
Cell Cultures 
Chang's liver  cells,  originally  obtained from the 
Microbiological  Associates,  Inc.,  Bethesda,  Md., 
were grown as spinner cultures in Eagle's medium for 
suspension cultures  (2),  with the modifications that 
the NaHCO3 concentration was increased to 0.033 M 
and the NaCI concentration decreased to 0.10 ~. The 
medium contained  10%  whole horse serum,  previ- 
ously heated at 56°C for 3 hr. The suspensions were 
incubated at 37°C in an atmosphere of 5%  CO,) in 
air. Twice a week the stock cultures were diluted with 
fresh medium to a concentration of 0.25  X  106 cells 
per  mi.  During  exponential growth the  generation 
time was about 35 hr. The absence of microbiological 
contaminations was  ascertained  by  test  procedures 
described previously (4). 
For  glutamine  starvation,  exponentially growing 
cultures (48-64 hr after dilution) were centrifuged at 
250 g for 20 rain, and the cells were transferred to a 
glutamine-free  Eagle's  medium.  These  glutamine- 
deficient cultures either were used as such, or were 
supplemented with the lacking  glutamine 20-24  hr 
later. 
Incorporation  of Labeled Precursors into 
Protein  and RNA of Intact Cells 
From  exponentially  growing  cultures  of  Chang 
cells, or from cultures at different stages of glutamine 
starvation or  restoration,  2.5-3.5 X  106  cells were 
collected by  centrifagation at  500  g  for  7  rain  and 
were resuspended in  250  ttl  of ice-cold, serum-free  I 
1 The incorporation of amino acids and uridine was 
medium. The labeled components were added in a 
volume of 25 #I. The final concentration of L-leucine- 
14C  (2 mc/mmole) was 0.4 mM and that of uridine- 
14C (4 mc/mmole) was 0.2 raM. The concentration of 
L-phenylalanine-14C was 0.2 mM (2 mc/mmole) or in 
one  experiment  (Fig.  1 a)  0.1  mM  (8  mc/mmole). 
The  cell  suspensions were  incubated  in  a  shaking 
bath at 37°C and were continually aerated with 5% 
CO2 in air. At zero time, and after 10 and 20 min of 
incubation,  25-/zl samples  in  duplicate  were  with- 
drawn from the suspensions and placed onfilter paper 
discs.  These were dropped  into  ice-cold TCA  2  and 
processed as will be described below.  In isotope ex- 
periments involving density  gradient centrifugation 
of ribosomes, approximately 50  X  106 cells were in- 
cubated for 4  min in 5  ml medium containing 0.45 
mM L-leucine-t4c (4  me/minGle). 
Preliminary experiments showed that  the rate  of 
incorporation of labeled amino acids into protein was 
linear from the start of the incubation, indicating a 
rapid equilibration between the amino acids in the 
medium and the intracellular amino acid pool. The 
incorporation of uridine started after a lag of 3 to 5 
min and was linear thereafter. The uridylie acid pool 
of the cells was not significantly different under the 
various conditions used in these experiments  s 
Preparation  of Subcellular Fractions 
Cells  from 200-500  ml  culture were collected by 
centrifugation at 250 g  for 20 min. After swelling in 
ice-cold  0.005 M  MgClu  they  were  centrifuged  at 
2000  g  for  3  rain  at  4°C.  The  firmly  packed  cells 
were resuspended in 2 volumes of cold 0.005 M MgC12, 
and  were  disrupted  by  10  strokes of a  tight-fitting 
all-glass  Dounce  homogenizer.  To  the  homogenate 
was  immediately  added  0.1  volume  of  a  concen- 
trated medium containing 1.5 M sucrose, 0.25 M KC1, 
0.005 M MgC12, and  0.35 M Tris  buffer pH  7.8  (as 
measured after  dilution at  20°C).  The  homogenate 
was centrifuged at  15,000  g for 6 min, and the sedi- 
ment was  discarded.  For  amino  acid  incorporation 
the supernatants were diluted with the light medium, 
specified below,  to  a  protein concentration of  10.0 
mg/mi. 
Ribosomes were prepared by treating the 15,000 g 
supernatant fractions with 1  ~v sodium deoxycholate 
the same whether or not 10% serum was included in 
the incubation mixture. 
2 Abbreviations: PEP, phosphoenol pyruvate; RNase, 
ribonuclease; TCA,  trichloroacetic  acid;  Tris,  tris- 
(hydroxymethy  1) amino methane. 
3 In two independent experiments, the uridylic acid 
content  in  exponentially  growing  and  glutamine- 
starved ceils was 0.010 and 0.011 #moles/rag protein, 
respectively,  as  determined  by  column  chromatog- 
raphy. 
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FIGURE  1  Incorporation  of labeled amino acids and uridine into the  protein and nucleic acid of gluta- 
mine-starved and  refed  Chang cells. The cells were  incubated in a  glutamine-deficient medium for  ~4 
hr, after which glutamine was again added. For the incorporation tests ~.5-3.5 )<  10  ~ cells were incubated 
with the labeled components in a  serum-free medium. The final volumes were ~75/~1.  F/g. 1  a. The cells 
were incubated for 10 rain  (37°C)  with A, 0.4 m•  L-leucineJ4C  (£ mc/mmole); or B, 0.1 mM L-phenyl- 
alanine-14C (8  mc/mmole). Curve V,  •  should  be read from left scale;  curve  O, •  should be read 
from right scale. Fig. 1 b. The  cells  were  incubated  for  20  min (37°C) with  0.~ mM uridine-t4C  (4 me/ 
mmole). Open  symbols indicate cells  labeled  in a  glutamine-h'ee medium. Filled  symbols indicate cells 
labeled  in  the  presence of glutamine. 
and  layering  the  lysate  onto  10  ml  of a  heavy  me- 
dium  (0.3 ~t  sucrose,  0.025 ~  KCI,  0.005 M  MgCl2, 
and 0.035 M Tris buffer pH  7.8)  in Spinco 50 centri- 
fuge  tubes  (cf.  22).  After  centrifuging at  165,000 g 
for  50  rain the supcrnatants were  aspirated,  and the 
pellets were suspended in a  light medium containing 
0.15M  sucrose,  0.025M  KC1,  0.005M  MgC12,  and 
0.035 M Tris buffer pH 7.8. The suspensions were ad- 
jnsted to a  final RNA concentration of 2.0 mg/mL 
For  the preparation  of heavy and light ribosomes 
the  15,000 g  supernatant fractions were  treated with 
1%  sodium deoxycholate,  and  0.4  ml aliquots  were 
placed on 4.6-ml 9-36% sucrose gradients in 0.025 M 
KC1, 0.005 M MgCI~, and 0.035 M Tris buffer pH 7.8. 
After  centrifuging  for  2.5  hr  at  120,000  g  (Spinco 
head  SW  39),  2.0  ml  of the  surface  layer  was  dis- 
carded,  while  the  rest  of the  supernate  was  diluted 
with  light  medium  and  centrifuged  for  50  rain  at 
165,000  g.  This  pellet  was  called  light  ribosomes, 
while the pellet obtained during the initial centrifuga- 
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ribosomes.  The  separation  between  these  two  frac- 
tions roughly corresponded  to  that  observed  in Fig. 
3, A, 
For  the preparation  of rat liver cell sap the livers 
of 150-200 g  male albino rats were  perfused in vitro 
with  ice-cold  0.15 ~  NaCI,  washed  and  minced  in 
light medium, and homogenized in 3 volumes of the 
same medium by use of a  Teflon homogenizer of the 
Potter-Elvehjem type. After centrifugation at 165,000 
g  for 50  rain a  sample of the upper part of the clear 
supernatant  was  collected  and  diluted  with  light 
medium to a protein concentration of 10 mg/ml 
Amino  Acid  Incorporation  by 
Cell-Free Preparations 
The  amino  acid  incorporating  systems contained, 
in final volumes of 125/zl, either 50-100 #1  15,000 g 
supernatant fraction, or 25-50 #1 ribosome suspension 
in combination with 50 #1 rat liver cell sap. The in- 
cubation medium had the following composition:  10 
mM PEP,  1 mM ATP, 0.2 m~ GTP,  20/zg/mi pyru- 
vate kinase, 0.1  mM glutamine, 9  mM MgCI2,  100 mM 
KCI,  and  30  mM  Tris  buffer  pH  7.8.  The  labeled 
amino  acid,  L-leucine-t4C  or  L-phenylalanine-14C, 
was added at a  concentration of 0.045 mM and had a 
specific  activity  of  36  mc/mmole.  After  incubation 
for  10 rain at  35°C,  100-pl samples were transferred 
to  filter  paper  discs,  and  the  proteins  were  precipi- 
tated  with  10%  TCA. 
Determination oJ Radioactivity 
Protein  samples  were  prepared  for  radioactivity 
measurement by  the  method  of Mans  and  Novelli 
(13). 
In the experiments with uridine-t4C the filter paper 
discs were  extracted  twice  for  15  rain  with  ice-cold 
5% TCA and treated for 5 rain at 0°C with a  mixture 
(1:2)  of  2 M  potassium  acetate  buffer  (pH  5)  and 
ethanol. The samples were subsequently extracted at 
room  temperature  with  ethanol,  with  a  mixture  of 
ethanol,  ether,  and  chloroform  (1:2:1),  and  finally 
with ether.  Each of these extractions was for  15  rain 
or more. 
The dry filter papers were placed in vials contain- 
ing 5  ml of a  solution of 0.5%  2,5-diphenyloxazole 
and  0.015%  1,4-di-2-(5-phenyloxazolyl)benzene  in 
toluene, and read in a Packard Tri-Carb liquid scintil- 
lation counter. The efficiency of the counter was 55% 
for 14C. 
Density Gradient Centrifugation 
For  determining the ribosomal sedimentation pat- 
tern  by  density gradient centrifugation the  15,000 g 
supernatant fractions  were  treated  with  1%  sodium 
deoxycholate, and 1.5-mi samples of these susvensions 
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FIGUnE  9  Immediate  and  time-dependent  effect  of 
glutamine  on  the  incorporation  of  leucine-t~C  into 
protein  by  glutamine-starved  Chang  cells.  The  incu- 
bation  was  as  described  in  Fig.  1  a.  Open  symbols: 
the  ceils  were  incubated  with  leucine-14C  for  10  rain 
(37°C)  in  a  glutamine-free  medium.  Filled  symbols: 
the incubation was carried  out in the presence of glu- 
tamine. 
were layered onto 9-36% scurose gradients in Spinco 
SW 25 tubes.  The gradient media had the following 
ionic composition: 0.025 M KCI, 0.005 M MgC12, and 
0.035 M  Tris  buffer  pH  7.8  (20°C).  The  gradients 
were centrifuged at 53,000 g  for  135 rain.  After cen- 
trifugation the bottoms of the tubes were  punctured 
with  a  hypodermic  needle  through  which  8-drop 
fractions were collected.  The optical  density of these 
fractions was measured at 260 m/z in a  Beckman DU 
spectrophotometer. 
The distribution of radioactive  protein among the 
ribosomal  fractions  of pulse-labeled  cells  was  deter- 
mined by essentially the same technique.  The gradi- 
ents  (4.6 ml)  were prepared  in Spinco SW 39 tubes, 
on  top  of  which  0.4  ml  samples  of  deoxycholate- 
treated  15,000 g  supernatant fractions were  layered. 
In  order  to  indicate the position  of the 80  S  peaks, 
duplicate  samples were  incubated  for  2  min  (35°C) 
with  10  #g  RNase  before  layering.  The  tubes  were 
centrifuged  for  60  rain  at  120,000  g,  and  3-drop 
fractions were collected from the bottom of the tubes 
onto filter  paper  discs. These were  processed for  de- 
termination of protein-bound radioac-*;-,ity  as  previ- 
ously described. 
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Protein was  determined by the method of Lowry 
et al. (12). The RNA-content of ribosome suspensions 
was  estimated  from  the  differential  ultraviolet  ab- 
sorption  curves  obtained  by  extraction  with  0.4 M 
perchloric acid at 0°C  and after hydrolysis for  17.5 
min at 70°C  (16).  Free nucleotides were determined 
by chromatography on microcolumns of Dowex  A  1 
(formate form) as described previously (7). 
Chemicals 
ATP,  GTP,  and  RNase  were  obtained  from the 
Sigma Chemical Co., St. Louis, Mo. PEP was synthe- 
sized by the method of Clark and Kirby (1). Pyruvate 
kinase  was  purchased  from  the Boehringer GmbH, 
Mannheim,  Germany,  polyuridylic  acid  from  the 
Miles Chemical Co., Clifton, N.J., 14C-labeled leucine 
and phenylalanine from the Radiochemical  Centre, 
Amersham,  England,  and  uridine-2-14C  from  the 
New England Nuclear Corp., Boston, Mass. 
RESULTS 
The Reversible Effect of Glutamine  Deficiency 
on the Synthesis of Protein and RNA in 
Intact Chang Cells 
When  exponentially  growing  cells  were  trans- 
ferred  to  a  glutamine-deficient medium,  their 
ability  to  incorporate  labeled  amino  acids  into 
protein  rapidly  decreased.  No  net  gain  in  the 
protein  content  of the  cells was  observed  over  a 
period of 24 hr.  Following glutamine addition the 
protein  synthesis  was  restored,  and  after  about 
4  hr  the  rate  of  amino  acid  incorporation  was 
comparable  to,  and  in  some  experiments  even 
exceeded,  that of exponentially growing cells (Fig. 
1 a).  Preliminary experiments with similar results 
were carried out with arginine-deficient cells. 
The lack of one essential amino acid  in the cell 
culture might by itself be expected  to restrict the 
rate  of amino  acid  incorporation,  in  view  of the 
well-known specificity of the incorporation process. 
As  a  preliminary  test  of whether  or  not  the  in- 
herent  capacity  of  the  cells for  protein  synthesis 
was  also affected  by glutamine deficiency,  similar 
incorporation  experiments  were  carried  out  with 
glutamine  added  to  the  cell  suspension  just  be- 
fore the  labeled  amino acid  (]~ig.  2).  In  this case 
the isotope incorporation became more rapid than 
in  the absence of glutamine,  although it was  still 
considerably  smaller than  in exponentially grow- 
ing  cells.  After  24 hr  of glutamine  deficiency the 
immediate rise in the rate of amino acid incorpora- 
TABLE  I 
Incorporation  of  L-Phenylalanine-14C  into 
Protein by Subcellular Fractions of 
Glutamine-Starved and Refed 
Chang Cells 
The  glutamine-starved  cells  had  been  incu- 
bated in a  glutamine-deficient medium for 24 
hr.  Refed  cells of the same  batches had been 
cultured  for  4  hr  in  a  complete  medium 
following a 24 hr glutamine starvation. Heavy 
and light ribosomes were separated by gradient 
centrifugation  (2.5  hr  at  120,000  g,  Spinco 
head SW 39). The medium for cell-free amino 
acid  incorporation contained  1 mM  ATP,  0.2 
mu  GTP,  10  n~  PEP,  20#g/ml  pyruvate 
kinase,  0.1  m~  glutamine,  9  m~  MgCI2,  100 
mM KC1,  30 mM Tris-HCl  buffer pH  7.8,  and 
0.045 mM L-phenylalanine-14C (36 mc/mmole). 
The  incubation  tubes  contained,  in  final 
volumes  of  125  /A,  either 0.5-1.0  mg  15,000  g 
supernatant protein, or 0.05-0.1  mg ribosomal 
RNA in combination with a  standard amount 
of rat liver cell sap equivalent to 1 mg protein. 
All tests were  run in duplicates.  The  incuba- 
tion  (35°C)  was  for  10  min  (A,  B)  or  15  min 
(C).  The  radioactivity  values  are  expressed 
as  cpm/mg  protein  (A),  or  epm/0.1  mg 
ribosomal RNA  (B,  C). 
Glutao 
mine- 
Subcellular fractions  starved  Refed 
A.  15,000 g  supernatant frac-  63  223 
tions 
B.  Whole ribosomes -[- rat  295  635 
liver cell sap 
C.  Heavy ribosomes -[- rat  1520  1630 
liver cell sap 
Light ribosomes -t- rat  142  98 
liver cell sap 
tion  following  glutamine  addition  accounted  for 
less  than  one-third  of  the  increase  attained  4  hr 
later,  i.e.  at  a  time  when  the  incorporation 
activity  had  been  completely  restored  (Fig.  1 a, 
2) 
The ability of the same cells to  incorporate 14C- 
labeled  uridine  into  nucleic  acid  was  studied  in 
parallel.  Irrespective of whether or not glutamine 
was added to the test suspension together with the 
isotope,  glutamine starvation produced  a  marked 
decrease  in  the  rate  of  labeling  (Fig.  1 b).  This 
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FIGURE $  Short-term effect of glutamine deficiency on 
the gradient sedimentation pattern of  ribosomes. The 
15,000  g supernatant fractions of the cell homogenates 
were treated with 1% deoxycholate and placed on 9- 
36% sucrose gradients containing 0.0~5 M KC1, 0.005 M 
MgC12, and 0.035 M Tris buffer pH 7.8. The centrifuga- 
tion time (53,000 g) was ~1/~ hr. Curve A, exponentially 
growing cells.  Curve  B,  cells  of  the  same  batch,  but 
after a  4 hr glutamine starvation. Curve C, the 15,000 
g supernatant fraction of cells A was treated for 10 min 
at 0°C with 10 ~ug/ml ribonuclease. 
Amino acid incorporation  data  (cpm/mg protein per 
10 min incubation) : Incorporation of phenylalanine-14C 
(0.2  raM,  ~  mc/mmole)  by whole  cells  (cf.  Fig.  1  a): 
A,  ~710;  B, 750  (in the presence of  glutamine 1700). 
Incoqooration of  leucine-laC by  15,000  g  supernatant 
fractions:  A  34~;  B,  18~.  The  cell-free  incorporation 
system was as described in Table I. 
could  not be accounted  for by an increased  pool 
size  of  pyrimidine  nucleotides  in  the  cells  (cf. 
Methods).  When  glutamine  was  restored  to  the 
culture medium, the activity of the cells of uridine 
incorporation  was  gradually  restored.  The  time 
course  of  this  restoration  was,  however,  entirely 
different  from  that just  described  for  the  amino 
acid  incorporation. While in the latter case there 
was a  complete recovery within 4  hr, the restora- 
tion of the uridine incorporation was not complete 
until  about  16  hr.  During  the  first  4  hr  in  the 
complete  medium  the  rate  of uridine  incorpora- 
tion remained at the same low level as in the glut- 
amine-starved cells,  and in several experiments it 
even showed a  slight further decrease. 
The Activity  of Cell-Free Amino Acid 
Incorporating Systems from 
Glutamine-Starved Chang Cells 
Cell-free amino acid incorporating systems pre- 
pared  from  Chang  cells  which  had  been  trans- 
ferred  to  a  glutamine-free  medium  showed  a 
continual  decline  in  activity.  The  reduced  in- 
corporation was not due to a  lack of glutamine in 
the assay system, since the incubation was carried 
out in the presence of this amino acid.  When the 
glutamine content of the cell culture was restored, 
the incorporation activity of the cell-free prepara- 
tions gradually  increased.  These  alterations were 
essentially a  changing property  of the  ribosomes, 
since  similar effects were  observed  when  isolated 
ribosomes from Chang  cells were  combined with 
cell sap from rat liver (Table I). 
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FIGUUE 4  Reappearance of polyribosomes after gluta- 
mine starvation.  The  experimental  procedure  was  as 
described in Fig. 3.  Curve A, cells  incubated for ~  hr 
in a  glutamine-defieient medium.  Curve B, glutamine- 
starved cells of the same batch incubated in a complete 
mediunl for ~ hr. Curve C, glutamine-starved cells of the 
same batch incubated in a complete medium for ~4 hr. 
Amino  acid  incc.rpcration  data  (cpm/mg  protein): 
Incorporation of phenylalanine-14C by  whole cells: A, 
1110; B, 2150; C, ~4~0. Incorporation of leucine-I4C by 
15,000 g supernatant fractions: A, ~95; B, 519; C, 612. 
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FIGURE 5  Effect of actinomycin  D on the reappearance 
of polyribosomes after glutamine starvation. The experi- 
mental procedure was as described  in Fig. 3. Curve A, 
cells incubated in a glutamine-deficient medium for ~4 
hr.  Curve  B,  glutamine-starved cells  from  the  same 
batch incubated for 4 hr in a complete medium. Curve 
C, glutamine-starved cells  from the same batch incu- 
bated for  4  hr  in a  complete medium containing 0.2 
/zg/ml actinomycin D. 
Incorporation data (cpm/mg protein); Incorporation 
of phenylalanine-14C by whole cells: A, 886; B, 1840; C, 
1970. Urldine-14C incorporation by whole cells: A, 614; 
B,  697;  C,  2~6. (The uridine-14C incorporation of ex- 
ponentially growing cells of the same batch was  1845.) 
Incorporation of  leueine-14C by  15,000 g  supernatant 
fractions: A, 148; B, 432; C 878. 
The Sedimentation Pattern in Ribosomes from 
Chang  Cells  Cultured  in  the  Presence  and 
Absence of Glutamine 
Ribosomes from  exponentially growing  Chang 
ceils  had  a  characteristic  sedimentation  pattern 
with a  distinct separation between a  moderate 80 
S  peak  and  a  broad  polyribosomal region  (Fig. 
3). A significant  amount of heavy, RNA-containing 
material sedimented at the bottom of the gradient 
tubes. When the 15,000 g supernatant fraction was 
treated  with  RNase  before  the  sedimentation 
analysis, the amount of RNA in the sediment and 
in  the  polyribosomal region  of the  gradient was 
strongly reduced, while  the  80  S  peak  showed  a 
corresponding increase.  In the experiment shown 
in  Fig.  3,  the  RNase  treatment was  carried  out 
under  particularly  mild  conditions.  The  80  S 
peak  showed  a  broad  shoulder at  the heavy  side 
obviously  representing  polyribosomal  fragments, 
including dimers and trimers. 
Within 4  hr after the cells had been transferred 
to  a  glutamine-free  medium  the  sedimentation 
pattern of the ribosomes was significantly altered. 
The  proportion  of  heavy  polyribosomes  was  re- 
duced,  while at  the  same time the  80  S  peak in- 
creased and became less distinctly separated from 
the polyribosomal region (Fig. 3). With continued 
glutamine starvation this shift became increasingly 
pronounced (Figs. 4, 5). 
After restoration of the glutamine content of the 
medium the  shift in the sedimentation pattern of 
the  ribosomes  towards  smaller  aggregates  and 
monomers was reversed  (Figs.  3-5).  As soon as 2 
hr  after  glutamine addition  the  reduction in the 
size of the  80  S  peak was quite marked,  and the 
shape  of  the  sedimentation pattern  in  the  poly- 
ribosomal region attained a  normal appearance 2 
hr  later  (cf.  15).  The  reversible  changes  in  the 
sedimentation properties  of the  ribosomes during 
glutamine  starvation  were  not  associated  with 
any significant accumulation of active  ribosomal 
monomers in the 80 S  peak  (Table I).  In experi- 
ments with pulse-labeled cells the particle-bound, 
radioactive  protein  was,  under  all  experimental 
conditions,  concentrated  in  the  heavy  polyribo- 
somal fractions  (Fig.  6).  Likewise,  the incorpora- 
tion activity in vitro was almost exclusively found 
in the heavy particles. On the basis of their RNA 
content,  preparations  of  polyribosomes  from 
exponentially growing, glutamine-starved and re- 
fed  ceils  had  similar  specific  incorporation 
activities (Table I). 
Effect  of Actinomycin  D  on  the  Recovery  of 
Chang Cells from Glutamine Starvation 
In the experiment shown in Fig.  7, Chang cells 
had  been  preincubated  in  a  glutamine-free 
medium for 24 hr. Actinomycin D  and glutamine 
were added at the start of the experiment. After 4 
hr  the  rate  of amino acid  incorporation into the 
control culture had  increased by a  factor of four, 
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FIGURE 6  Distribution of radioactive protein among density gradient fractions after pulse-labeling of 
the cells with leucine-14C. The cells were incubated for 4 min (35°C) with leucine-14C before homogeniza- 
tion. The  15,000 g supernatant  fractions were treated with 1% deoxycholate, and 0.4 ml aliquots were 
placed on 4.6-ml 9-36% sucrose  gradients.  After centrifuging for 60 min at 1~0,000 g  (Spinco  head SW 
89)  3-drop  fractions were collected from the bottom of the tubes  and  the radioactivity of the protein 
determined. A, exponentially growing cells;  B, cells incubated in glutamine-deficient medium for 24 hr; 
C, glutamine-starved cells incubated in a complete medium for 4 hr.  Curves with open symbols indicate 
15,000 g supernatant fractions treated with RNase (10 #g/ml) for ~ min at 85°C. 
while at  the  same  time the  uridine  incorporation 
showed a  slight further decrease. 
Actinomycin D  at a  concentration of 0.2/zg/ml 
produced  pathological alterations  of the cells and 
prevented  their  further  multiplication  when 
transferred to normal medium after 4 hr. Although 
this  concentration  of  acfinomycin  D  caused  a 
further  reduction  of the  uridine  incorporation  to 
10%  of  that  of  exponentially  growing  cells,  the 
increase  in  the  rate  of amino  acid  incorporation 
was  not  inhibited,  but  even  slightly  enhanced 
[Figs.  5  (legend),  7].  With  higher actinomycin D 
concentrations  (0.5-1.0 #g/ml)  the rate of uridine 
incorporation was reduced  to less than  5 %  of the 
incorporation  activity  of  exponentially  growing 
cells. This effect was attained  within  1 hr after the 
addition  of  the  inhibitor.  Despite  the  almost 
complete  inhibition  of  DNA-dependent  RNA 
synthesis suggested by the above figures (cf.  6,  17), 
the  rate  of protein  synthesis  in  these  lethal  cells 
increased  to  a  level not  much  lower  than  in  the 
controls  4  [Figs.  5  (legend),  7].  Pulse-labeling 
experiments  indicated  that,  as  in  control  cells, 
this  incorporation  was  essentially associated  with 
heavy ribosomal  aggregates  (Fig.  8). 
When  the  glutamine-starved  cells  were  incu- 
bated  for 4  hr in  a  complete medium  containing 
0.2 #g/ml of actinomycin D, there was essentially 
the  same  shift  in  the  ribosomal  sedimentation 
pattern  towards  a  higher  proportion  of polyribo- 
somal aggregates as in  the absence of the inhibitor 
(Fig.  5).  There was also a  corresponding increase 
in the ability of cell-free preparations  to incorpor- 
ate  labeled  amino  acids  into  protein  (Fig.  5, 
legend).  With  higher  concentrations  of  actino- 
mycin  D  (0.5-1.0  #g/m1)  the  sedimentation 
pattern  became  increasingly  abnormal,  with  a 
tendency  of the  ribosomes  to  precipitate  already 
during the  15,000 g  centrifugation. 
DISCUSSION 
The  omission  of  the  essential  amino  acid,  glut- 
amine,  from  the  culture  medium  of Chang  cells 
caused  a  rapid  and  extensive  decrease  in  the 
When the period of actinomycin treatment was ex-  gradually  decreased,  concomitantly with progressive 
tended beyond 4  hr,  the activity of protein synthesis  morphological alterations and increasing cell death. 
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FIOVa~. 7  Effect of aetinomyein D  on the recovery of 
Chang cells  from glutamine  starvation.  The  cells  had 
been prelneubated in a glutamine-defieient medium for 
~4 hr. Glutamine was added at zero time, together with 
aetinomyein  D  at  the  concentrations  indicated.  The 
incubations  with leueine-14C (A)  and  with uridine-:4C 
(B)  were carried out as  described in Fig.  1. The con- 
centrations  of aetinomycin D  were:  O,  none;  V,  0.£ 
mg/mi; A, 0.5 mg/ml; [~, 1.0 mg/ml. Incorporation by 
exponentially growing cells before glutamine starvation 
(indicated as 100%) : leueine-14C, 8640 epm/mg protein; 
uridine-X4C 2580 cpm/mg protein. 
capacity of the cells to incorporate labeled  amino 
acids  into  protein.  When  the  glutamine  content 
of  the  medium  was  restored,  the  incorporation 
activity rose within minutes to  30-40 %  of that  of 
exponentially  growing  cells.  After  this  sharp  but 
limited  initial  rise,  further  increase  became  less 
steep,  and  full restoration  was  not attained  until 
2-4 hr later. 
The  characteristic  biphasic  recovery of protein 
synthesis  after  glutamine  starvation  should  be 
considered  in  connection  with  the  concomitant 
ribosomal  alterations.  During  glutamine  starva- 
tion the proportion of ribosomes with a  sedimenta- 
tion  constant  of  approximately  80  S  gradually 
increased  to  more  than  twice  the  normal  level. 
This fraction  of particles was  not associated  with 
any  significant  activity of amino  acid  incorpora- 
tion. At the same time there was a  marked  reduc- 
tion  in  the  proportion  of  rapidly  sedimenting, 
active  particles,  apparently  representing  heavy 
polyribosomes. After the addition of glutamine this 
picture was  gradually reversed.  We feel that dur- 
ing  glutamine  starvation  two  factors  contributed 
to  the  reduction  in  the  protein  synthesis  of  the 
cells: (a)  the acute shortage of the essential amino 
acid,  glutamine,  that  prevented potentially active 
polyribosomes  from  working  with  full  efficiency 
(as  soon  as  glutamine  was  again  made  available, 
this  restriction  was  eliminated);  (b)  the  gradual 
loss  of heavy  polyribosomes. 
Disaggregation  of  polyribosomes  may  in 
principle be mediated through either of the follow- 
ing two mechanisms:  (a)  breakdown  of the strand 
of messenger RNA that  connects  individual  ribo- 
somes;  (b)  reduction  of  the  number  of  particles 
simultaneously  attached  to  the  same,  intact 
messenger RNA. Sedimentation data do not allow 
a  distinction  to  be  made  between  these  two 
possibilities.  It  is  obvious,  however,  that  a  de- 
crease  in  the  average  size  of  the  ribosomal  ag- 
gregates due  to messenger RNA breakage  can be 
reversed only if new  messenger is made available, 
e.g. through RNA synthesis.  It was of a  particular 
interest,  therefore,  to  see whether  the  restoration 
of a  normal  polyribosomal  pattern  in  glutamine- 
starved Chang cells was preceded  by an increased 
rate  of  incorporation  of  labeled  uridine  into 
nucleic acid. 
Our experiments clearly indicated that this was 
not  the  case.  In  fact,  the  already  low  uridine 
incorporation in the starved cells showed a further 
decrease upon glutamine addition,  in most experi- 
ments  lasting  over  the  whole  period  of  2-4  hr 
required for the amino acid incorporation to reach 
its  normal  level.  Actinomycin  D  proved  highly 
toxic  to  Chang  cells  after  glutamine  starvation. 
Nevertheless, concentrations of this antimetabolite 
that effectively inhibited  the limited RNA-metab- 
olism  still  remaining  after  glutamine  starvation 
had  a  very small effect, if any,  on  the increase in 
amino  acid  incorporation.  This  insensitivity  to 
actinomycin  D  in  combination  with  the  delayed 
onset  of  the  increased  RNA  metabolism  after 
glutamine  starvation  strongly  suggests  that  the 
restoration of a  normal rate of protein synthesis in 
the cells was not dependent  on  the  production  of 
new messenger  RNA.  It  is  tempting to conclude 
that  previously  synthesized  messenger  RNA, 
preserved  in  the  ceils in  a  stabilized  form  (cf.  8, 
10)  was  brought  into  action  in  response  to  the 
reestablishment  of an  adequate  cellular  environ- 
ment. 
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FII~IYRE 8  Distribution of radioactive protein among density gradient fractions of previously ghttamine- 
starved Chang cells, recovering in the presence of aetinomyein D. Mter g4 hr of glutamine starvation the 
cells were incubated for 4 hr in a complete medium containing 0.~ ]~g/ml (A) or 1.0 #g/ml (B) aetinomyein 
D. Before homogenization  the cells were given a 4 rain pulse of leueine-14C. Curves with open symbols indi- 
cate that the cleared homogenates had been treated for ~ min (35°C) with 10 #g/ml RNase before gradient 
analysis. For further experimental details, see Fig. 6. 
The  relatively  long  time  required  for  the 
restoration of heavy polyribosomes after glutamine 
starvation is worthy of note.  This  sluggishness of 
the ribosomal reattachment is inco isistent with a 
free  ribosome-messenger  RNA  interaction  and 
suggests either  that  some  ribosomes in  the  glut- 
amine-starved  cells  had  a  reduced  affinity  for 
Junctional attachment to the messenger, or, alter- 
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